Abstract: Despite comprising 0.7% of the world population, South Africa is home to 18% of the global human immunodeficiency virus (HIV) prevalence. Unyielding HIV subepidemics among adolescents threaten national attempts to curtail the disease burden. Should an HIV vaccine become available, establishing its point of entry into the health system becomes a priority. This study assesses the impact of schoolbased HIV vaccination and explores how variations in vaccine characteristics affect cost-effectiveness.
INTRODUCTION

E
ighteen percent (18%) of the global human immunodeficiency virus (HIV) prevalence can be found in South Africa, making it the unenviable epicenter of the HIV pandemic. 1 Unyielding subepidemics of HIV disease concentrated among the historically vulnerable young women and adolescents of sub-Saharan Africa threaten the worldwide gains made in containing the epidemic. 2 The disproportionate disease burden, showing a 4-fold increase in HIV prevalence among 15 to 24 year old women between 2005 and 2008, is clearly evident in the South African literature. 3 Male are not exempt however. In South Africa, early coital debut among both sexes linked to the realities of forced sex and older partners have been associated with an increased risk of HIV infection. 4 South African efforts to improve HIV treatment and prevention have focused on upscaling condom distribution, 5 rolling out voluntary medical male circumcision, 6 increasing national HIV testing rates, and improving the coverage of highly active antiretroviral therapy (ART). 7 Despite these efforts, the United Nations Joint Programme on HIV/acquired immunodeficiency syndrome (AIDS) (UNAIDS) reported that South Africa accounted for 16% of global HIV incidence in 2013 and still had a 58% deficit in ART coverage. 1, 8 Vaccines are widely acknowledged as the most cost-effective intervention in healthcare. 9 Despite several earlier HIV vaccine setbacks, 10, 11 RerksNgarm et al 12 tested the first vaccine regimen (RV144/Thai trial) to show moderate vaccine efficacy in humans in Thailand (2009) . The study evaluated the use of 2 priming injections of a recombinant canarypox vector (ALVAC-HIV[vCP1521]) administered at baseline, then at weeks 4, 12, and 24. Boosting injections of recombinant glycoprotein 120 subunit vaccines (AIDSVAX B/E) were given at weeks 12 and 24. The primeboost HIV vaccine regimen resulted in modest efficacy of 31% over 3.5 years, which together with rapid waning of immunity documented in the first year, raised questions regarding the need for booster injections. 12 After undergoing modifications to optimize the HIV vaccine regimen by making it Clade C specific and changing the adjuvant, a potential vaccine regimen was entered into Phase I clinical trials at 6 major South African centers under the umbrella of the HIV Vaccine Trial Network (HVTN) 100 study. 13 The financial implications of introducing the HIV vaccination strategy into the expanded program of immunization would present a key advocacy tool to decision makers should this vaccine reach fruition. 14, 15 Essentially, evaluating the costeffectiveness and long-term impact of the HIV vaccine strategy hinges on the vaccine's entry point into the health care system and delivering vaccines via a sexual and reproductive health platform to adolescents at school has been associated with improved vaccine coverage rates. [14] [15] [16] South African HIV prevention strategies have yielded limited successes with high HIV incidence rates still being reported. 1 Future expansion of the ART program will result in huge financial and human resources to sustain the program. 17 It is under this premise that the national government sought to develop a sexual and reproductive health platform at school level targeting primary HIV prevention strategies among adolescents as a key stream of restructuring primary healthcare in the country. 18 The aim of this study was to determine the cost-effectiveness of implementing school-based HIV vaccination as part of the current HIV management strategy adopted in the public sector. It also aimed to discern the vaccine and program characteristics that potentially impact this cost-effectiveness by conducting sensitivity analysis.
METHODS
The study methodology was compliant with the reporting guidelines of the Consolidated Health Economic Evaluation Reporting Standards statement. 19 
Study Overview
Nine-year-old children who were attending South African schools in 2012 were eligible for vaccination on a voluntary basis. The introduction of the vaccine intervention coincided with the plans of national health to develop school-based sexual and reproductive health services. 18 The intention was to target learners prior to the onset of sexual activity, the rationale behind this being to circumvent any potential exposure to HIV. The cohort was then modeled through a life expectancy of 70 years. The current life expectancy in South Africa is approximately 60.6 years, but this value is likely to be an underestimate for the current cohort and a higher value was modeled. 20 The context of the vaccine strategy would be school-based delivery with the vaccines potentially integrated into the Expanded Program of Immunization currently offered in the South Africa. The study adopted the health service provider (provider) perspective. The provider perspective was selected to provide insight into health service delivery and delineated the financial implications of new interventions being introduced into the public health care sector. Finally, when considering the provider perspective, we are able to generate health information that could potentially guide national health decision making. The HIV vaccine regimen currently under study in South Africa in the HVTN 100 study was modeled as a prevention strategy that would potentially reduce the HIV disease burden and subsequent mortality. The vaccination strategies were considered against the system of HIV counseling and testing (HCT) and the national rollout of ART that constituted the standard of care in South Africa. 21 In addition, the standard of care included the distribution of condoms and treatment of sexually transmitted infections (STIs). It is important to bear in mind that the intervention comprised the vaccination strategy in conjunction with all the components of the standard of care, as the vaccine strategy would never be implemented as a stand-alone program while there were people still requiring access to ART. Economic costs and health outcomes were each discounted at a rate of 3%, with an uncertainty range of 0% to 6% explored. This is in keeping with the recommendations of the World Health Organization CHOosing Interventions that are Cost-Effective (WHO-CHOICE) guidelines. 22 
Outcome Measures
The quality adjusted life year (QALY) was the outcome measure used to draw a comparison between the HIV vaccine intervention and the standard of care. As a standardized measurement from comparative effectiveness research, the QALY incorporates a quality of life ''utility score'' adjustment that was applied to life expectancy. 23 The QALY allows for mortality and morbidity considerations in a single measure, allowing for comparability across studies. 24 The outcomes facilitated the calculation of the incremental cost-effectiveness ratio (ICER). The ICER represents the difference in costs between strategies and the difference in effects (e.g., QALYs) between strategies (Equation 1). The unit of measurement of the ICER is US$ per QALY gained.
where C 1 and E 1 are the costs and effects of the standard of care (comparator), and C 2 and E 2 are the costs and effects of the intervention.
The HIV vaccine modeled was hypothetical. The vaccine characteristics considered in this model (Table 1) were suggested by the target product profile formulated by the Pox-Protein Private-Public Partnership (P5), a collaboration of organizations established to build on the foundations of the RV144/Thai trial. 25 The regimen included in this economic evaluation mirrored the ongoing HVN 100 study which adopted the ALVAC prime ALVAC/gp120 boost of the RV144/Thai trial but added an additional ALVAC/gp120 boost at month 12. This boost at month 12 was added to circumvent the waning of the immune response documented in the RV144/Thai trial a year after initial vaccine administration. Additionally, a pivotal phase IIb/III HIV vaccine efficacy trial is planned to take place in South Africa designated HVTN 702, which will evaluate the same regimen (as HVTN 100).
The estimated vaccination coverage was modeled at 60% receiving the initial course. This a guarded estimate on the 68% coverage achieved for the 3rd dose of diphtheria toxoid, tetanus toxoid, and pertussis vaccine (DTP3). 26 The DTP3 coverage has been validated as a proxy for immunization system strength (performance) as it was available in nearly all countries and years in the recent decades. 27 The coverage range was then explored in the sensitivity analysis. The base-case HIV vaccine modeled cost US$ 12 per dose had a vaccine efficacy of 50% and the duration of protection of 10 years (achieved through the administration of annual boosters). The impact of declining immunity demonstrated in the RV144/Thai trial (particularly in the year following administration) indicated the need for booster injections. The declining immunity was countered by the economic evaluation assessing a conservative approach of annual boosters. Although this may not be pragmatic, it merely represented an overestimation of costs in the context of this evaluation. The vaccine price of US$ 12 was roughly based on the public sector human papillomavirus (HPV) vaccine pricing (US$ 17). Markedly reduced vaccine prices were justified by the overwhelming burden of HIV disease in the country and by weighing up the delicate issues of accessibility and coverage. Additionally, the prices were deemed plausible given the strides made in negotiating lower priced ART and HPV vaccines in the public sector. 28, 29 The price assumption was tested in the sensitivity analysis. The utility of HIV related interventions was derived from a meta-analysis of the pooled utilities relating to HIV/AIDS. 30 The utility weights for both diseases appear in Table 1 .
Study Inputs
South African epidemiological data drawn from published literature were used to contextualize the study ( Table 2 ). The disease transition probabilities between HIV disease states were obtained from the relevant South African literature (Table 3) . Statistics South Africa has consistently cited mortality figures for HIV/AIDS approximating 3.4% annually, despite unabated increases in deaths among young adults. 31, 32 In-depth scrutiny suggested these figures underestimated mortality as several conditions known to be HIV/AIDS related (e.g., TB, parasitic diseases, and infectious intestinal diseases) were reported as independent causes of death. 33 Based on this inconsistency, the 2012 HIV/AIDS related mortality rates were revised by Statistics South Africa in 2014. 20 Relevant HIV related cost components were identified from the 2013 South African national HIV treatment guideline. 21 Although 2012 was considered the reference year for this study, the 2013 guideline was considered in this model as it included fixed-dose combination therapy (FDC). The FDC was important as it impacted the costing and proposed integrated health management of sexual and reproductive health conditions. Delivery of health services was presumed to be conducted at schools. It was assumed that primary health care The possibility of transition from one health state to the next is described. The estimates were obtained from relevant South African literature for the year 2012. Underlying principles adopted into the economic evaluation. The same set of parameters was applied to all models. The estimates were obtained from relevant South African literature for the year 2012.
AIDS ¼ acquired immune deficiency syndrome, ART ¼ anti-retroviral therapy.
nurses would consult general patients, and complicated cases would warrant upward referral to doctors or medical specialists at clinics. All costs were adjusted to the common year 2012. Costs were converted from South Africa rand (ZAR) to United States dollar (US$) to allow for international comparison using the average exchange rate for 2012 (US$ 1 ¼ ZAR 8.21). 34 HIV vaccination costs included human resources, counseling (preand post-HIV testing), HIV testing, delivery costs (e.g., needles and syringes), and storage costs ( Table 4) . Pricing of laboratory tests conducted by the National Health Services Laboratory, costing of medication, consumables and additional pharmaceuticals, and valuations of medical personnel cost based on the Uniform Patient Fee Schedule (UPFS) were sourced from the National Department of Health website (www.health.gov.za). Costing parameters were detailed in Table 5 .
Model-Based Economic Evaluation
Microsoft Excel (Version 2010) (Microsoft Corp., Redmond, WA) was used for data capture and analysis. Ersatz version 1.2 (www.epigear.com), a boot-strap add-in application for Excel, was used to perform the uncertainty analysis. The movement between health states shown in Figure 1 was modeled on the basis of transition probabilities and the effectiveness values of the treatment options in the model. A semi-Markov simulation was constructed showing annual cycles. Semi-Markov models were used as it allowed for the addition of tunnel states to counter the ''memoryless'' nature of the Markov model. The study population started in the model disease free and was exposed to the risk of acquiring HIV disease annually.
The model examined the impact of HIV vaccination (intervention) in conjunction with the standard of care in South Africa compared with the standard of care alone among schoolgoing adolescents in South Africa. The model comprised 8 health states (Figure 1 ). All individuals were considered HIV negative and healthy at the start of the model (State 1). They then moved into a vaccinated (State 2) or unvaccinated (State 3) First-line regimen (subsequent years) Gamma 46 21, 44 Second-line regimen Gamma 46 21, 44 Third-line regimen Gamma 92 21, 44 Not on ART Gamma 65 44 The estimates were obtained from relevant South African literature for the year 2012. ART ¼ Anti-retroviral therapy, HIV ¼ human immunodeficiency virus, VCT ¼ voluntary counselling and testing.
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Medicine Volume 95, Number 4, January 2016 state depending on the coverage rate. Individuals in either of these states may transition into an asymptomatic HIV state (State 4), where they would receive ART if required. This is represented by the oval shape to emphasize that this is a primary endpoint. From an asymptomatic state, individuals may progress to a symptomatic (State 5) or AIDS (State 6) state. Each of the HIV infected states may enter a treatment pool (State 7). The treatment pool was subcategorized into 1st, 2nd, and 3rd ART line regimens, each with a possibility of progressing to death. Every aforementioned health state may progress to death with different transition probabilities (State 8). During each cycle there was a probability of remaining in the current health state or progressing to another. The arrows represented the transition probabilities from one state to another. Costs and utility measures were then added to each health state and the model was able to predict costs and QALYs over the 70-year period for the intervention and the standard of care. Once the vaccine had been stopped, event rates were assumed to be the same for both arms of the study. One-way sensitivity analyses evaluated the impact of single assumptions on cost and outcomes. Probabilistic sensitivity analysis (PSA) with a bootstrapping technique was used to explore the uncertainty in the model and evaluate the robustness of the results. The PSA was characterized by a 2nd order, 1000 iteration Monte Carlo simulation yielding a range of plausible values for lifetime costs, QALYs, and ICER. The PSA results were used to calculate the 95% confidence interval around the model outcomes, and these results were represented in the form of the cost effectiveness acceptability curve. As South Africa does not have a predefined willingness-to-pay (WTP) threshold, the gross domestic product per capita (2012) was used as a proxy in accordance with the WHO Guide to Cost-Effective Analysis. 22, 35, 36 The WTP threshold was thus defined as US$ 7508 (ZAR 61,641) per QALY gained.
All participants were presumed sexually naive at the start of the model. The model assumed that children eligible for schooling were attending school and thus drop-out rates were considered. It was further assumed that HCT services in the school environment were universally provided and easily accessible as described in the national policy. 37 The modeling exercise contextualized the national rollout of the HIV vaccination strategy under the umbrella of an established school-based programme providing comprehensive care to all socioeconomic levels of learners. Last, the model assumed that the school-based program would be well utilized by learners presumably as the provision of care occurred in a familiar and safe environment without encroaching on school attendance. There remains no validation of this assumption as no formal pilot studies assessing uptake of care have been conducted.
Ethical Consideration
Ethical approval for the study was obtained from the Human Research Ethics Committee (Medical) of the University of the Witwatersrand.
RESULTS
Cost Effectiveness Analysis
The total costs and QALYs gained in the lifetime of the hypothetical cohort for HIV vaccine interventions are shown in Table 6 . Compared with the existing program (which has no vaccination), the introduction of the HIV vaccination in the general adolescent population resulted in the net cost of US$ 187 representing an 8.68% increase in costs. This translated to 4.36 QALYs gained and an ICER of US$ 43.07 per QALY gained (95% CI: US$ 38.92-47.43). Administering the vaccine to female only yielded a 68% increase in QALYs gained to 6.36 (95% CI: 5.86-6.85) compared with administering to males only. The greater impact of the intervention among the female population was unsurprizing given their substantially higher burden of disease. Generally, the implementation of the HIV vaccine program does represent an increase in total spending but with significant improvement in life-years.
Sensitivity Analyses
One-Way Sensitivity Analysis
In a one-way sensitivity analysis, a single parameter is varied to demonstrate its impact on overall cost-effectiveness. 38 Table 7 identified the improved ICER outcomes associated with increasing the duration of vaccine protection and lower vaccine pricing strategies. The discount rate greatly influenced the costeffectiveness with 6% discounting resulting in a 62.20% increase in the ICER value compared with 0% discounting. This was largely attributed to the investment for the intervention being made now (present costs) with benefits only being realized much later (future implications). Last the analysis showed that a partially effective vaccine or one that has coverage less than 50% would still prove cost-effective compared with the proxy WTP estimate considered for South Africa.
Two-Way Sensitivity Analysis
The ideal HIV vaccine would be highly efficacious and affordable. The two-way analysis in Table 8 
Probabilistic Sensitivity Analysis
Cost-Effectiveness Plane
The HIV vaccine program implementation suggests improved health outcomes at a greater cost compared with the current standard of HIV care in the public sector. Bootstrapping analysis undertaken by repeated sampling (1000 iterations) estimated the uncertainty in model costs and effects (Figure 2 ). The majority of the iterations lying in the north east (NE) quadrant of the cost-effectiveness (CE) plane (an area of The vaccine programs were compared with the standard of care (2012) which had no vaccination. All values are in US$. Discount rate 3%. (95% uncertainty intervals). ICER ¼ incremental cost-effectiveness ratio, QALY ¼ quality adjusted life years. One-way sensitivity analysis was done to systematically examine the impact of selected variables in the analysis by varying it across a plausible range of values with other variables remaining at their baseline level. HIV ¼ human immunodeficiency virus, ICER ¼ incremental costeffectiveness ratio, QALY ¼ quality adjusted life year. trade-off indicating greater health gain for added expenditure) raises the critical issue of determining how much a decision maker is prepared to pay for an additional unit gain in health outcome. The limited vertical variation indicates limited variability associated with treatment costs. The reported ICERs for all 3 plausible interventions remained well below the WTP threshold and were thus deemed cost-effective.
Cost Effectiveness Acceptability Curve
The cost effective acceptability curve (CEAC) (Figure 3 ) was constructed by calculating the probability that the intervention implemented in the general population represents the optimal choice across the 1000 simulations, for selected willingness-to-pay governmental thresholds (x-axis: US$ 100 increments of cost per 1 QALY gained). The curve indicates the intervention to be cost effective and supports the implementation of the vaccine program as it has resulted in improved health outcomes.
DISCUSSION
This study assessed the cost per QALY gained, expressed as the ICER, and associated with school-based adolescent HIV vaccination services using a Markov modeling approach. The model simulated annual cycles based on local costing data and transition probabilities derived from the literature. The findings support that, even at relatively higher vaccine cost, the simultaneous implementation of the HIV vaccine program together with the ART rollout would prove cost-effective. These findings were confirmed by the cost-effectiveness plane and CEAC findings.
The ICER was clearly sensitive to cost variations in the uncertainty analysis. Relatively lower prices were considered in this analysis, as the South African government had successfully negotiated discounts with pharmaceutical companies in the past, notably with ART and HPV vaccines. 28, 29 It is difficult to interpret the impact that these discounts would have on costeffectiveness as discounts are frequently negotiated on volumes rather than prices. 38 The ICER in this study also demonstrated particular sensitivity to variations in vaccine efficacy. The costeffectiveness of an HIV vaccine has been shown to be highly influenced by vaccine efficacy. [39] [40] [41] In fact, even before the realization of the RV144/Thai trial work, computer simulations of HIV transmission dynamics among South African adolescents underscored the important role of partially effective HIV vaccines irrespective of other public policy interventions. 42 Work by Owens et al 41 illustrated how varying degrees of vaccine efficacy for susceptibility, disease progression and infectivity still yielded substantial health benefits, even with only modestly efficacious vaccines. Based on the short-lived vaccine efficacy described by Rerks-Ngarm et al, 12 annual booster vaccinations were accounted for in the study model. As booster vaccinations were not assessed in the RV144/Thai study, the analyses of the booster vaccination in this study remain hypothetical. 12 The two-way sensitivity analysis ( Table 8 ) conducted reiterate that HIV vaccines of longer duration would provide more robust protection. Andersson cautioned against the high numbers of booster vaccinations that would be required to maintain population coverage levels despite having demonstrated significant impact on the South African epidemic when applying the RV144 vaccine using demographic projections. 43 Modeling work with partially efficacious vaccines by Phillips returned similar health benefits in a Southern African setting but offered no commentary on booster vaccinations. 44 It should be borne in mind that the quadruple burden of noncommunicable disease, communicable, maternal and child health, and injuryrelated disorders place insurmountable pressure on a dwindling South African health budget. 45 As such, the cost of implementing a partially efficacious HIV vaccine requiring several boosters must be weighed against the equity of scarce financial resource allocation.
The study findings should be considered in light of potential limitations. The study accounted for heterosexual transmission of HIV only. Same sex HIV transmission was excluded due to lack of the availability of reliable data. Additionally, the study lacked more representative data on HIV risk and mortality profiles due to poor availability. The study is unable to account for any potential benefit that may arise against disease acquisition and progression once vaccine recipients become HIV infected. However, there were no significant differences reported between vaccinated and unvaccinated arms of the RV144/Thai trial participants who seroconverted in terms of viral load or CD4 counts. 12 The study assumed a high coverage rate (70%) but did not account for the potential benefits of herd immunity. The effect of herd immunity could feature prominently in bolstering HIV vaccine coverage rates in a country where the childhood immunization vaccine coverage rates fall significantly short of the required targets. 26 Including herd immunity into the model could potentially equate to improved vaccine efficacy and cost-effectiveness. The analysis considered the provider perspective and not the societal perspective. South African health outcomes remain poor compared with similar middle-income counties despite the 8.5% allocation of the country's gross domestic product to health expenditure. 46 Although the 8.5% expenditure exceeds the 5% recommendation of the World Health Organization, middle income countries such as Brazil report better health outcomes despite the same proportional expenditure. 47 Vaccine implementation would significantly impact the health budget through direct medical costs. This is a major consideration as the vaccine still proved cost-effective at higher prices in the sensitivity analysis. Importantly however, the assessment of the societal benefit would yield important information on increased economic productivity due to infections averted. 40 The vaccine was modeled on evidence-based disease parameters as the candidate vaccine is still undergoing clinical trials. HIV vaccination as a preventive strategy was assessed in isolation in this study. It is considered that the simultaneous use of multiple HIV prevention strategies would prove more substantive in the clinical setting. 48 HIV vaccination among adolescents is predicted to result in considerable health benefits and to be costeffective in the South African context. The generalizability of these results is limited by 2 important caveats. First, South Africa does not have a predefined WTP threshold, so while the WTP does not represent an explicit national decision making tool, it highlights the need for due consideration of the intervention by policy makers. Second, as only South African data were modeled and purely from a provider perspective, caution should be exercised when applying these results to other settings. The findings of this analysis suggest that at the conventionally defined WTP threshold in South Africa, the school-based implementation of HIV vaccine services would be cost-effective should the HIV vaccine become commercially available.
Cost impacts and inefficiencies beyond those considered in this analysis may arise once an HIV vaccine is applied in a clinical setting. It would be valuable to reassess the health economic impact accordingly.
